A heterotrophic nitrifying bacterium, designated strain DA2
menaquinone-7 (MK-7) and its cellular fatty acid profile consisted mainly of iso-C 15 : 0 (18.6 %) and anteiso-C 15 : 0 (69.1 %). The DNA G+C content was 54.1 mol%. 16S rRNA gene sequence phylogeny suggested that strain DA2
T is a member of the genus Brevibacillus, with highest sequence similarities (in parentheses) to the type strains of Brevibacillus choshinensis (99.7 %), B. formosus (99.4 %), B. brevis (99.4 %), B. agri (99.0 %), B. reuszeri (98.8 %), B. parabrevis (98.7 %), B. centrosporus (98.6 %), B. limnophilus (97.4 %), B. panacihumi (97.3 %) and B. invocatus (97.3 %). DNA-DNA hybridization showed less than 60 % relatedness between strain DA2 T and type strains of the most closely related species given above. Given the significant differences in phenotypic and chemotaxonomic characteristics, and phylogenetic analysis based on the 16S rRNA sequence and DNA-DNA relatedness data, the isolate merits classification as a novel species, for which the name Brevibacillus nitrificans is proposed; the type strain of this species is DA2 T (5JCM 15774 T 5NCIMB 14531 T ).
A strain of Bacillus brevis isolated by Migula (1900) was reclassified as a species belonging to the novel genus Brevibacillus, along with nine other species in the same genus (Shida et al., 1996) . Recently, Brevibacillus fluminis has been isolated from the sediment of an estuarine wetland (Choi et al., 2010) . At the time of writing, the genus Brevibacillus included 16 species with validly published names (http:// www.bacterio.cict.fr/b/brevibacillus.html). Members of this genus produce oval endospores in swollen sporangia, grow in an optimum temperature range of 30-48 u C, and contain menaquinone-7 (MK-7) as the major respiratory quinone. They possess anteiso-C 15 : 0 and iso-C 15 : 0 or just iso-C 15 : 0 as the major cellular fatty acid and exhibit DNA G+C contents of 42.8 to 57.4 mol% (Shida et al., 1996) .
Nitrogen removal is an important issue in wastewater treatment. Nitrogen removal by biological nitrification and denitrification is a common procedure in wastewater treatment. The well-known nitrifying bacteria are autotrophic. Therefore, it is considered that the nitrification step is extremely slow (Carrera et al., 2003; Ruiz et al., 2003; Schmidt et al., 2003) . In addition, autotrophic nitrifying bacteria are vulnerable to high loads of ammonium ion and organic matter. Recently, heterotrophic nitrifying bacteria, Bacillus sp. LY 4 and 678 mg NaHCO 3 in 1000 ml distilled water (pH 7.5). After 3 weeks' cultivation at 27 u C, production of nitrite was tested by the presence of diazo dye produced by adding sulfanilamide and N-(1-naphthyl)-ethylene-diamine to a sample from the culture. After checking for production of nitrite, an aliquot of the enrichment culture was inoculated onto a GYP agar plate consisting of 10 g D-glucose, 3 g NH 4 Cl, 1.5 g peptone, 2 g yeast extract, 1 g MgSO 4 . 7H 2 O, 0.5 g KH 2 PO 4 , 0.5 g NaHPO 4 and 15 g agar in 1000 ml distilled water (pH 7.5). Approximately 80 strains were isolated from the medium, which was incubated at 27 uC for 24 h. The isolated strains were inoculated into ammonium broth, consisting of 3 g NH 4 Cl, 1.5 g peptone and 2 g yeast extract in 1000 ml distilled water (pH 7.5), and the production of nitrite was tested. As a result, strain DA2 T was selected on the basis of its nitrifying ability. A nutrient agar (Kyokuto; pH 7.0) plate consisting of 5 g meat extract, 10 g peptone, 5 g NaCl and 15 g agar in 1000 ml distilled water (pH 7.5) was used as the basal medium for characterization of the strain. Cultures were incubated at 27 u C. Cells of strain DA2
T for chemotaxonomic analyses were cultured with reciprocal shaking (120 r.p.m.) at 27 u C for 36-48 h until the early stationary phase of growth. In addition to strain DA2 T was used as a reference strain for polar lipid analysis. These micro-organisms were cultured in nutrient broth with reciprocal shaking (120 r.p.m.) at 27 u C until the early stationary phase of growth.
For phenotypic characterization, nutrient agar was used as the basal medium. Cultures were incubated at 27 uC for 2 weeks and experiments were performed in triplicate. Acid production from carbohydrates was determined by the method of Hugh & Leifson (1953) . Growth experiments at pH 4-9 were performed using nutrient broth containing 100 mM acetic acid/sodium acetate buffer (pH 4-5), 100 mM NaH 2 PO 4 /Na 2 HPO 4 buffer (pH 6-8), and 100 mM NaHCO 3 /Na 2 CO 3 buffer (pH 9). Other physiological and biochemical characteristics were examined according to the methods described in Cowan & Steel's Manual (Barrow & Feltham, 1993) . To compare the novel isolate with strains of related species, phenotypic characterization was also performed under the same conditions using API 20 NE, API ZYM and API 50 CH strips according to the manufacturer's instructions except that the incubation periods were 10 days, 4.5 h and 10 days, respectively.
To observe negatively stained cells by transmission electron microscopy (TEM), cells of strain DA2
T were grown on nutrient agar slants. Procedures for TEM preparation and observation were as described previously (Yumoto et al., 2001) . Morphological, physiological and biochemical characteristics of the isolate are given in the species description. The isolate was Gram-positive and produced ellipsoidal spores terminally positioned within a sporangium, which was swollen (Fig. S1 , available in IJSEM Online). TEM showed that the cells were peritrichously flagellated rods (0.5-0.761.7-3.3 mm) (Fig. S2 ).
Whole-cell fatty acids and isoprenoid quinones were analysed as described previously (Yumoto et al., 1998 (Yumoto et al., , 2001 ). Whole-cell fatty acids were extracted from 100 mg freeze-dried cells esterified by acid methanolysis and analysed by GC (model GC 353; GL Sciences) equipped with a 0.25 mm (i.d.) by 100 m, 0.2 mm film SP-2560 column (Supelco). Fatty acids were identified by comparing them with fatty acid methyl esters purchased from Supelco and GL Sciences, and using GC/MS (model INCOS 50; Finnigan MAT) connected to a GC (model 3400; Varian). The fatty acid composition of strain DA2
T is shown in Table 1 (means of two datasets obtained from two independent cultures). The fatty acid composition of strain DA2
T is within the range of that of the genus Brevibacillus (Logan et al., 2002) except for the presence of C 10 : 0 in strain DA2 T . This is probably because our medium and culture conditions are different from those reported by Logan et al. (2002) . Although the fatty acid composition of strain DA2
T was relatively similar to that of B. centrosporus, it can be differentiated from those of other phylogenetically similar strains. Isoprenoid quinones were analysed using 1 g freeze-dried cells. The major isoprenoid quinone was MK-7. Polar lipids were analysed by the methods of Minnikin et al. (1979) and Collins & Jones (1980) . Polar lipids consisted of phosphatidylglycerol, phosphatidylethanolamine, an unidentified aminophospholipid (stained by ninhydrin) and an unidentified phospholipid (Fig. S3) . No glycolipid was detected. The presence of meso-diaminopimelic acid (meso-DAP) in the cell wall was identified by TLC (Staneck & Roberts, 1974) . The cell wall of strain DA2
T contained meso-DAP.
Bacterial DNA was prepared according to the method of Marmur (1961) . The DNA obtained was digested with nuclease P1 (Yamasa Shoyu) and resulting nucleotides were separated by HPLC (Tamaoka & Komagata, 1984) .
The DNA G+C content of strain DA2 T was 54.1 mol%, which is within the range of members of the genus Brevibacillus (42.8-57.4 mol%)
The 16S rRNA gene was amplified by PCR using primers 9F (GAGTTTGATCCTGGCTCAG) and 1541R (AAGGAGGT-GATCCAGCC). The resulting PCR product was purified with a QIAquick PCR purification kit (Qiagen) and sequenced directly by the dideoxynucleotide chain-termination method using a DNA sequencer (PRISM 3100; Applied Biosystems) with a BigDye Termination RR mix version 3.1 (Applied Biosystems) according to the manufacturer's instruction. Multiple alignments of the sequences were performed using the program CLUSTAL W (Thompson et al., Kim et al. (2009) . All other data are from this study using API 20NE, API ZYM and API 50CH strips. All strains were positive for esterase (C4), esterase/lipase (C8) and naphthyl-AS-BI-phosphohydrolase. All strains were negative for NO 2 
Utilization of: 1994). A phylogenetic tree was constructed by the neighbourjoining (Saitou & Nei, 1987) , minimum-evolution (Fitch, 1971 ) maximum-likelihood (Guindon & Gascuel, 2003) and maximum-parsimony (Felsenstein, 1981) methods in MEGA 5 (Tamura et al., 2011) . For neighbour-joining analysis, the distance between sequences (K nuc value) was calculated using Kimura's two-parameter model (Kimura, 1980) . The confidence values for the branches of the phylogenetic tree were determined using bootstrap analysis (Felsenstein, 1985) based on 1000 resamplings. Sequence similarities were calculated using the GENETYX computer program (Software Development). The 16S rRNA gene sequence (1491 bp) of strain DA2 T was obtained and analysed. The 16S rRNA gene sequence similarity of strain DA2
T with previously reported strains was determined, and a phylogenetic tree of the strain together with its closely related neighbours was constructed (Fig. 1) . The minimum-evolution, maximum-likelihood and maximum-parsimony trees were very similar to the neighbour-joining tree (Fig. S4) . These results suggest that strain DA T is a member of the genus Brevibacillus. The strain showed high similarity with the type strains of B. choshinensis The level of DNA-DNA relatedness was determined fluorometrically by the method of Ezaki et al. (1989) using photobiotin-labelled DNA probes and black microplates. According to the sequence similarities and phylogenetic analysis data based on the 16S rRNA gene sequence, strains that exhibited higher than 97 % similarity with strain DA2 T were used for the estimation of DNA-DNA relatedness. Of all strains studied, the DNA-DNA relatedness value between strain DA2
T and the type strain of B. centrosporus was the highest (59±7 %; n53), although the 16S rRNA gene sequence similarity between the two strains was not the highest (98.6 %). The corresponding DNA-DNA relatedness in a reciprocal experiment was 65±4 % (n53). DNA-DNA relatedness values between strain DA2
T and other strains studied are as follows (type strains; n53): B. choshinensis, 23±3 %; B. formosus, 6±1 %; B. brevis, 8±6 %; B. agri, 10±6 %; B. reuszeri, 9±6 %; B. parabrevis, 6±3 %; B. limnophilus, 5±3 %; B. panacihumi, 10±6 %; and B. invocatus, 14±7 %. The above results indicate that strain DA2 T can be differentiated from closely related strains on the basis of DNA-DNA relatedness.
Strain DA2
T can also be differentiated from other phylogenetic neighbours of previously reported Brevibacillus spp. on the basis of phenotypic characteristics (Table 2 ) and fatty acid composition (Table 1) . Although strain DA2
T exhibits relatively similar characteristics to those of B. centrosporus in terms of fatty acid composition and DNA-DNA hybridization as described above, the results of phenotypic characterization, such as NO 3 reduction, hydrolysis of aesculin and gelatin, enzymic activity, acid production from substrates, growth characteristics and DNA G+C content (mol%), differentiate the two strains.
On the basis of the above results, the isolate represents a novel species for which the name Brevibacillus nitrificans sp. nov. is proposed.
Description of Brevibacillus nitrificans sp. nov.
Brevibacillus nitrificans (ni.tri9fi.cans. N.L. v. nitrifico to nitrify; N.L. part. adj. nitrificans nitrifying, owing to the fact that the isolate possesses nitrification activity).
Grows at pH 5-8, with optimum growth at pH 7. Cells are motile by means of peritrichous flagella, Gram-positive, strictly aerobic and straight rods (0.5-0.761.7-3.3 mm), and produce terminally located ellipsoidal spores that show swollen sporangium. Colonies are circular, yellowish and translucent when the bacterium is grown on nutrient agar at 27 u C. The isolate cannot grow in more than 3 % NaCl. The growth temperature range is 16-44 u C, with optimum growth at 36-40 u C. Positive for catalase, urease and nitrate reduction and negative for oxidase and production of indole and H 2 S. Positive for hydrolysis of casein, gelatin, DNA, aesculin, and Tweens 20, 40, 60 and 80. Negative for hydrolysis of starch. Acid is produced from D-glucose, D-fructose, maltose, sucrose, trehalose and D-mannitol but not from L-arabinose, D-mannose, D-xylose, raffinose, inositol, galactose, L-rhamnose, melibiose or sorbitol. Utilizes D-glucose, maltose, D-mannitol, sucrose, trehalose and Nacetylglucosamine but not L-arabinose, D-mannose, gluconate, n-capric acid, adipic acid or DL-malic acid. API ZYM test results are positive for alkaline phosphatase, esterase (C4), esterase/lipase (C8), leucine arylamidase, valine arylamidase and naphthyl-AS-BI-phoshophydrolase and negative for lipase (C14), cystine arylamidase, trypsin, chymotrypsin, acid phosphatase, a-galactosidase, b-galactosidase (2-naphthyl b-D-galactosidase and p-nitrophenyl b-D-galactopyranosidase), b-glucuronidase, a-glucosidase, b-glucosidase, N-acetyl-bglucosaminidase, a-mannosidase and a-fucosidase. The major isoprenoid quinone is MK-7. Possesses the cellular fatty acids C 10 : 0 , iso-C 13 : 0 , iso-C 14 : 0 , C 14 : 0 , iso-C 15 : 0 , anteiso-C 15 : 0 , iso-C 16 : 0 , iso-C 15 : 1 v9c, C 16 : 0 , C 16 : 1 v7c alcohol, iso-C 17 : 0 , anteiso-C 17 : 0 , C 16 : 1 v11c and iso-C 17 : 1 v10c. Polar lipids consist of phosphatidylglycerol, phosphatidylethanolamine, an unidentified aminophospholipid and an unidentified phospholipid. The cell wall contains meso-DAP.
The type strain, DA2
T (5JCM 15774 T 5NCIMB 14531 T ), was isolated from a microbiological agent for enhancing microbial digestion in sewage treatment tanks. The DNA G+C content of the type strain is 54.1 mol%.
